Alzheimer's disease (AD) is a progressive and devastating disorder that is often preceded by mild cognitive impairment (MCI). In the present study, we report that in multiple cortical areas of MCI and AD subjects, there is a significant impairment in ribosome function that is not observed in the cerebellum of the same subjects. The impairment in ribosome function is associated with a decreased rate and capacity for protein synthesis, decreased ribosomal RNA and tRNA levels, and increased RNA oxidation. No alteration in the level of initiation factors was observed in the brain regions exhibiting impairments in protein synthesis. Together, these data indicate for the first time that impairments in protein synthesis may be one of the earliest neurochemical alterations in AD and directly demonstrate that the polyribosome complex is adversely affected early in the development of AD. These data have important implications for AD studies involving proteomics and studies analyzing proteolysis in AD, indicate that oxidative damage may contribute to decreased protein synthesis, and suggest a role for alterations in protein synthesis as a novel contributor to the onset and development of AD.
Introduction
Alzheimer's disease (AD) is a progressive and devastating agerelated disorder that is the primary cause of dementia in subjects over the age of 65 years (Seshadri et al., 1997; DeKosky, 2003) . A number of individuals in the elderly population develop a condition known as mild cognitive impairment (MCI), with MCI subjects developing AD at a significantly higher rate than the at-large elderly population (Flicker et al., 1991; Morris et al., 2001; Luis et al., 2003) . Several studies suggest that MCI may be the earliest stage in AD (Flicker et al., 1991; Morris et al., 2001; Luis et al., 2003) , making MCI potentially useful for identifying and understanding the earliest biochemical alterations that occur in AD.
To maintain cellular homeostasis, all cells must continually synthesize new proteins. Ribosomes (polyribosomes) are specialized complexes composed of nucleic acids and proteins that are responsible for mediating all protein synthesis. Specialized nucleic acids, rRNA and tRNA molecules, are essential for ribosomes to translate mRNA into proteins (Yang, 1996; FromontRacine et al., 2003; Han et al., 2003; Tschochner and Hurt, 2003; Granneman and Baserga, 2004) . A large group of proteins, known as initiation factors, also play an important regulatory role in controlling the rate and specificity of ribosome function. Numerous studies have provided indirect evidence that suggests alterations in protein synthesis may occur in AD (Sajdel-Sulkowska and Marotta, 1984; Langstrom et al., 1989; Chang et al., 2002; Ferrer, 2002; An et al., 2003; Li et al., 2004) . In the present study, we sought to clarify whether alterations in protein synthesis occur in AD. Our data demonstrate for the first time that impairments in protein synthesis occur in the earliest stages of AD, occurring in affected cortical regions but not the cerebellum, with impairments in proteins synthesis apparently mediated by both alterations in ribosomal nucleic acids as well as the polyribosomal complex itself. These data have important implications for studies involving the analysis of proteomics and proteolysis in AD and suggest a novel role for alterations in protein synthesis as a potential mediator of AD pathogenesis.
Materials and Methods
Human subjects. The diagnosis of MCI, AD, and normal cognitive function was defined by clinical-neuropathological consensus conference. A total of 10 control [six male (M)/four female (F)], eight MCI (three M/five F), and eight end-stage AD (three M/five F) subjects were used for all studies. For control, MCI, and AD, there were no significant differences in age (82 Ϯ 7, 89 Ϯ 4, 81 Ϯ 8 years), brain weight (1250 Ϯ 143, 1124 Ϯ 98, 1133 Ϯ 170 g), or postmortem interval (3 Ϯ 0.9, 3 Ϯ 0.9, 3.1 Ϯ 0.5 h). Significant differences in Mini-Mental State Evaluation (control, 29 Ϯ 1; MCI, 26 Ϯ 3; AD, 6 Ϯ 7) and Braak stage (control, 1.3 Ϯ 0.5; MCI, 3.2 Ϯ 0.5; AD, 5.7 Ϯ 0.4) were observed in MCI and AD subjects, compared with control. The time between death and the time subjects were last tested in the clinic was 10.6 Ϯ 9 months for control, 11.5 Ϯ 4 months for MCI, and 23 Ϯ 16 months for AD subjects. All patients, including those in the Biologically Resilient Adults in Neurological Studies program, were studied longitudinally as part of the University of Kentucky Alzheimer's Disease Research Center. The clinical criteria used for the diagnosis of amnestic MCI were as described previously (Petersen et al., 1997 (Petersen et al., , 1999 .
Neuropathology. All subjects were evaluated in the same way at autopsy. Diffuse plaques, neuritic plaques, and neurofibrillary tangles were assessed in the five most involved areas of four neocortical sections, hippocampal CA1 and subiculum, amygdale, and entorhinal cortex. For this study, these lesions were assessed in the middle temporal gyrus using the modified Bielschowsky stain. Braak staging was determined using the Gallyas and Bielschowsky-stained sections (Braak and Braak, 1991) . Within the inferior parietal lobule (IP) of control, MCI, and AD used in the present study, we quantified the average number of diffuse plaques (8 Ϯ 5, 32 Ϯ 8, 50 Ϯ 11), neuritic plaques (6 Ϯ 3, 12 Ϯ 2, 28 Ϯ 5), and neurofibrillary tangles (0.1 Ϯ 0.1, 2 Ϯ 1, 14 Ϯ 1) in a 1 mm field. All methods and criteria for neuropathology were identical to those published previously (Riley et al., 2002; Keller et al., 2005) .
Purification and analysis of polyribosomes. Polyribosomes were purified and analyzed for their ability to translate proteins as described previously (Cosgrove and Rapoport, 1986; Aloni et al., 1992) . Briefly, frozen brain specimens from the indicated brain region were placed in buffer A [containing the following (in mM): 320 sucrose, 50 HEPES, 140 potassium acetate, 4 magnesium acetate, 2.5 dithiotheritol, pH 7.5], using a 2.5 vol of buffer A. The tissue was homogenized on ice using a glass-Teflon homogenizer. The resulting homogenate was centrifuged at 11,220 ϫ g for 10 min at 4°C. The resulting supernatant was used for in vitro protein synthesis assays. Polyribosomes (100 g) were placed in buffer B (10 mM potassium acetate, 0.1 mM magnesium acetate, 0.5 M ATP, 0.5 M GTP, 0.5 M creatine phosphate) containing 50 g/ml creatine phosphokinase. The total volume of the reaction was brought to 99 l, and 1 l of S 35 methionine (10 Ci) was added. After increasing periods of incubation (0, 5, 10 min), the reaction was stopped by adding 150 l of 1 M potassium hydroxide and 2 mg/ml methionine. After a 10 min incubation at 37°C, the proteins were precipitated overnight at 4°C using 250 l of ice-cold 25% trichloroacetic acid containing 2 mg/ml methionine. The solution was then centrifuged at 13,100 ϫ g for 10 min at 4°C, washed twice with 10% TCA, and resulting incorporation of S 35 methionine into protein measured using a scintillation counter.
Real-time reverse transcription-PCR. Total RNA was isolated from the inferior parietal lobule as described previously by our laboratory (Ding et al., 2002) . The primers for individual rRNA or tRNA species are provided below. The conditions for real-time PCR were as follows: 50°C for 2 min, 95°C for 10 min, and 30 cycles of amplification (95°C for 15 s, 55°C for 30 s, and 72°C for 40 s). Primer sequences were selected using a commercially available system (Primer Express; Applied Biosystems, Foster City, CA). For each reaction, a single prominent band of the correct size was generated, with all data obtained within the linear range of amplification for each gene product. Data analysis was conducted using ABI Prism 7000 SDS software (Applied Biosystems, Warrington, UK).
Western blot assay of translation initiation factors. Whole-tissue lysates were generated from the inferior parietal lobule of each patient, with 50 g of total proteins loaded for Western blot analysis as described previously by our laboratory (Ding et al., 2002) . Antibodies against FK506-binding protein-rapamycin-associated protein (FRAP), phosphorylated p70 S6 kinase, phosphorylated eukaryotic initiation factor 2 (eIF2␣), and phosphorylated double-stranded RNA-activated protein kinase (PKR) were purchased from Santa Cruz Biotechnology(Santa Cruz, CA) and Cell Signaling Technology (Beverly, MA). The resulting bands were digitalized and quantified using NIH ImageJ.
Analysis of 8-hydroxyguanosine immunoreactivity. The amount of RNA oxidation was quantified by analysis of 8-hydroxyguanosine (8-OHG) levels in the total RNA pool (Ding et al., 2004) . The RNA (15 g) was separated using denatured agarose gel and transferred to membrane. Antibody against 8-OHG (QED Biosciences, San Diego, CA) was used to detect the oxidized nucleic acids. Total RNA isolation and transferring was described previously by our laboratory (Ding et al., 2002) . The data were digitalized and analyzed by Image J (NIH Image software).
Statistical analysis. For determinations of statistical significance between control, MCI, and early AD, a Student's t test or a one-way ANOVA with post hoc Tukey's studentized range test for multiple comparisons was used. In this analysis, p Ͻ 0.05 was considered statistically significant.
Results

Ribosomal alterations in MCI and AD
Polyribosome complexes from control, MCI, and AD subjects were isolated from IP, superior middle temporal gyri (SMTG), and cerebellum. The polyribosome content present in 1 mg of brain tissue from the different brain regions was quantified, with no significant alterations in polyribosome content observed between control, MCI, and AD subjects (Fig. 1 A) . We then examined the ability of an equal amount of polyribosome complexes (100 g) from the different brain regions to synthesize proteins. A significant decline in the rate of protein synthesis was observed in the SMTG and IP of both MCI and AD subjects (Fig. 1 B) , compared with control subjects. We then quantified the total protein synthesis capability for each brain region by multiplying the specific activity of polyribosomes by the amount of polyribosomes present in 1 mg of brain tissue. When the total protein synthesis capability was quantified, a dramatic inhibition of protein synthesis capability was observed in the SMTG and IP of both MCI and AD (Fig. 1C) . No significant difference in the total protein synthesis capability was observed in the cerebellum of control, MCI, and AD subjects (Fig. 1C) .
Altered rRNA and tRNA levels observed in MCI and AD We next sought to determine whether the expression or processing of ribosomal associated nucleic acids (rRNA, tRNA) was altered in MCI and AD. The maturation of rRNA is a highly regulated, progressive, and stepwise process that yields multiple products (Fromont-Racine et al., 2003; Granneman and Baserga, 2004) . Within the cerebellum, there was no significant difference in the levels of individual rRNA species in either MCI or AD subjects (Fig. 2 A) . In contrast, within the IP, the AD subjects exhibited significantly lower levels of 5.8S and 5S rRNA compared with control subjects (Fig. 2 B) . Subjects with MCI exhibited significantly lower levels of 5S precursor and 5S rRNA compared with control subjects (Fig. 2 B) . Within the cerebellum, an individual tRNA species (tRNA val ) was significantly lower in MCI subjects (Fig. 2C) . No other significant alteration in tRNA species was observed in the cerebellum of control, MCI, and AD subjects (Fig. 2C) . In the IP, there was a significant decrease in tRNA asn in AD subjects (Fig. 2 D) , with MCI subjects exhibiting a decrease in tRNA val and tRNA cys within the IP (Fig. 2 D) . No other significant alterations in tRNA species were observed in the IP of control, MCI, and AD subjects (Fig. 2 D) . Results in the SMTG were similar to those observed in the IP (data not shown).
Analysis of initiation factor pathways
Because decreased protein synthesis may be mediated by alterations in the expression of initiation factors, we next sought to elucidate whether alterations in several established regulators of initiation factors was evident in MCI and early AD brain. Analysis of several such factors (FRAP, phosphorylated p70S6 kinase, phosphorylated PKR, phosphorylated eIF2␣) were quantified by Western blot in the cerebellum (Fig. 2 E) and IP (Fig. 2 F) . Within the cerebellum, there was a significant increase in FRAP, phosphorylated p70S6 kinase, and phosphorylated eIF2␣ in AD subjects (Fig. 2 E) . Within the IP, no significant difference in the expression of any of these key regulators of initiation factor activity was observed (Fig. 2 F) . No significant alteration in the expression of these initiation factors was observed within the SMTG, with the exception that a significant decrease in phosphorylated eIF2␣ was observed in AD subjects (data not shown).
Elevation in RNA oxidation evident in MCI and early AD
In our last set of experimentation, we sought to elucidate whether there was any evidence for elevations in RNA oxidation, in particular rRNA oxidation, occurring in the same areas of the brain that exhibited impairments in protein synthesis. Analysis of 8-OHG levels was conducted using total RNA purified from either the cerebellum or IP, which was analyzed using a Northern immunoblot approach (Ding et al., 2004) . These studies revealed that there was no significant difference in the amount of 8-OHG present within the cerebellum of control, MCI, or AD subjects (Fig. 2G) . In contrast, significantly higher levels of 8-OHG were present in the IP of MCI and AD subjects (Fig. 2G) , compared with control subjects. Interestingly, in IP samples, prominent levels of RNA oxidation were evident in the region of the membrane that corresponds to 28S rRNA (Fig. 2G) . Analysis of 8-OHG in the SMTG revealed increases similar to those observed in the IP (data not shown).
Discussion
In the present study, we demonstrate for the first time that an impairment in protein synthesis occurs early in AD, evident in the brain of both MCI and AD subjects. The impairment in protein synthesis (decrease in specific activity of polyribosomes) was observed in areas of the brain involved in regulating cognition (IP and SMTG) but was not observed in the cerebellum. Based on the neuropathology observed in our cohort of MCI subjects, it does not appear that declines in protein synthesis are regulated by either the severity of neurofibrillary tangles or neuritic plaque formation, although both of these factors likely contribute to the declines in protein synthesis observed in AD brain. Although we cannot rule out the possibility that impairments in brain metabolism contribute to the declines in protein synthesis observed in the present study, it does not appear to be a principle factor for decreased protein synthesis. This is based on the fact that the impairment of protein synthesis was similar in MCI and AD subjects, although it is known that AD subjects have a more pronounced decrease in brain metabolic activity, compared with MCI or control subjects.
Several factors appear to contribute to the decline in protein synthesis observed in MCI and AD subjects. For example, in the present study, we observed significant alterations in individual tRNA species, demonstrate evidence for altered levels of rRNA processing, and observed evidence for increased rRNA oxidation in the brain of MCI and AD subjects. It is likely that each of these factors not only contributes to the decrease in polyribosome activity, but it is also likely that each of these events is related. For example, the oxidation of tRNA and rRNA species is likely to affect both their stability and function, whereas changes in tRNA and rRNA expression likely occur as a compensatory mechanism to allow the cells to successfully respond to environmental and genetic stressors, including oxidative stressors.
In our study, decreased levels of tRNA val were observed in both the cerebellum and IP of MCI subjects, whereas decreased levels of tRNA asn were only observed within the IP of AD subjects. When placed in conjunction with our analysis of protein synthesis, these data indicate that decreases in individual tRNAs do not appear to be sufficient to impair protein synthesis and suggest that the ability of individual tRNAs to influence the rate of protein synthesis may be cell-type and brain-region specific. It will be important in future studies to determine the mechanisms responsible for altering tRNA levels in the brain and identifying the contribution of altered tRNA expression to the overall rates of protein synthesis during physiological and pathological conditions.
In the present study, we found no evidence for alterations in initiation factors contributing to declines in protein synthesis. Previous studies have reported that elevations in phosphorylated Figure 1 . Ribosome function is altered in MCI and AD. A, The polyribosome content was measured in the SMTG, IP, and cerebellum. Analysis was conducted using 1 mg of brain tissue from each brain region in control, MCI, and AD subjects. B, The rate of protein synthesis (specific activity) was measured in each of the brain regions used for polysome content, using 100 g of polysome. The rates of protein synthesis were calculated as the number of counts in precipitate per minute and then expressed as percentage control. C, The total protein synthesis capability for 1 mg of brain tissue (polyribosome-specific activity ϫ amount of polyribosome in 1 mg of tissue) was calculated for each brain region. The data are presented as the mean and SEM. *p Ͻ 0.03 compared with control; **p Ͻ 0.05 compared with either control or MCI. CEREB, Cerebellum.
PKR (Peel and Bredesen, 2003; Onuki et al., 2004) , phosphorylated eIF2␣ (Chang et al., 2002) , and phosphorylated p70S6 kinase occur in brain regions that are affected in AD. It is important to point out that the majority of these previous studies used immunohistochemical analysis to examine changes in protein expression and focused on neuronal immunostaining, whereas the present study used Western blot analysis for quantification. In studies in which Western blot analysis was conducted, studies only found differences in the nuclear fraction (Onuki et al., 2004) and used brain tissue with significantly higher postmortem interval Onuki et al., 2004) . Increases in FRAP, phosphorylated p70S6 kinase, and phosphorylated eIF2␣ were observed in the cerebellum of AD subjects in the present study. Such data raise the possibility that elevations in these proteins may play a direct role in the maintenance of protein synthesis within the cerebellum of AD subjects. Previous studies have suggested that elevations in initiation factors, and their regulators, play a contributory role to AD pathogenesis Onuki et al., 2004) . In future studies, it will therefore be critical to elucidate the contribution of elevated, as well as impaired, levels of initiation factor activation to AD pathogenesis.
The findings in this study build on the previous studies that demonstrated evidence for alterations in protein synthesis occurring within the late-stage AD brain (Sajdel-Sulkowska and Marotta 1984; Langstrom et al., 1989) and studies demonstrating evidence for increased oxidative damage to RNA occurring in latestage AD (Nunomura et al., 1999; Honda et al., 2005) . In particular, our studies demonstrate that in the earliest forms of AD pathogenesis alterations in the level of individual rRNA and tRNA species, as well as the oxidation of rRNA species, are associated with a potentially important pathological impairment in protein synthesis, which selectively occurs within the brain regions involved in regulating cognition.
We hypothesize that impairments in protein synthesis, mediated in part by oxidative stress, contribute to impaired neuronal function and the development of neuropathology in AD. For example, impaired protein synthesis could compromise the ability of cells to generate the various factors that are needed to regulate homeostasis. Alternatively, the observed alterations in tRNA may promote the generation of translational errors or cause an early termination of translation (Han et al., 2003) . In either case, potentially deleterious protein species could be generated and contribute to both protein aggregation and neurotoxicity (Wang et al., 2004) . Studies in yeast have demonstrated that the toxicity of protein synthesis inhibitors is associated with ubiquitin depletion and/or decreased proteasome function (Hanna et al., 2003) . Studies from our laboratory have recently demonstrated the ability of low-level proteasome inhibition to promote rRNA oxidation and alter RNA processing in neurons and glia (Ding et al., 2004) . These data raise the real possibility of potential cross talk between the protein synthesis and protein degradation machinery in the brain, with impairments in protein synthesis potentially promoting deleterious alterations in protein degradation and/or impairments in protein degradation negatively influencing protein synthesis. , and pre-5S) were analyzed by reverse transcription-PCR in the cerebellum (A) and inferior parietal lobule (B). Analysis was conducted in control, MCI, and AD subjects. The levels of individual tRNA species were also calculated in the cerebellum (C) and inferior parietal lobule (D) of these same subjects. The expression of several initiation factors and their regulators (FRAP, phosphorylated p70S6 kinase, PKR, and eIF2) were analyzed in the cerebellum (E) and inferior parietal lobule (F ) of these same subjects. G, An antibody against 8-OHG was used to detect oxidized RNA in total RNA pool from the cerebellum or inferior parietal lobule of control, MCI, and AD subjects. The inserted photo is a representative result for control (Cont), MCI, and early AD (from left to right). The dark arrow indicates oxidized RNA at the 28S rRNA position, with the white arrow representing the 18S rRNA bands in the gel before transfer. Error bars represent SEM. *p Ͻ 0.01 compared with control.
Our findings are consistent with dramatic impairments in protein expression and profound shifts in steady-state kinetics for protein expression, occurring early in AD. These data will have profound, and as yet to be determined, influence on interpreting the numerous studies involving the analysis of proteomics and proteolysis in AD brain. Increasing our understanding of the effects of impaired protein synthesis on protein degradation and neurotoxicity in the brain is a central issue to be clarified in future studies. Studies are currently underway to determine which cell types are responsible for the decreased polyribosome function observed in the present study and to elucidate whether decreased polyribosome function may preferentially occurs within the synapse during the development of AD.
